Proteins produced by the large and diverse chitinase gene family are involved in the hydrolyzation of glycosidic bonds in chitin, a polymer of N-acetylglucosamines. In flowering plants, class I chitinases are important pathogenesis-related proteins, functioning in the determent of herbivory and pathogen attack by acting on insect exoskeletons and fungal cell walls. Within the carnivorous plants, two subclasses of class I chitinases have been identified to play a role in the digestion of prey. Members of these two subclasses, depending on the presence or absence of a C-terminal extension, can be secreted from specialized digestive glands found within the morphologically diverse traps that develop from carnivorous plant leaves. The degree of homology among carnivorous plant class I chitinases and the method by which these enzymes have been adapted for the carnivorous habit has yet to be elucidated. This study focuses on understanding the evolution of carnivory and chitinase genes in one of the major groups of plants that has evolved the carnivorous habit: the Caryophyllales. We recover novel class I chitinase homologs from species of genera Ancistrocladus, Dionaea, Drosera, Nepenthes, and Triphyophyllum, while also confirming the presence of two subclasses of class I chitinases based upon sequence homology and phylogenetic affinity to class I chitinases available from sequenced angiosperm genomes. We further detect residues under positive selection and reveal substitutions specific to carnivorous plant class I chitinases. These substitutions may confer functional differences as indicated by protein structure homology modeling.
Introduction
Plants have evolved a wide array of methods to protect themselves against pathogens, including the production of pathogenesis-related (PR) proteins. Chitinases, which comprise four of the PR families (PR-3, PR-4, are either induced in direct response to insect herbivory and fungal elicitors or are constitutively expressed in tissues vulnerable to attack (Brogue et al. 1988; Samac et al. 1990 ). The chitinase catalytic mechanism involves the hydrolysis of b-1,4-glycosidic linkages between N-acetylglucosamine (NAG) oligomers in chitin polymers, the major constituents of fungal walls and arthropod exoskeletons. Chitinases are further divided into families 18 and 19 of glycoside hydrolases (GH) based on amino acid sequence similarity (Li and Greene 2010) . Members of the two chitinase families have been identified in all plants analyzed to date, many of which have been shown to inhibit fungal growth in vitro (Schlumbaum et al. 1986; Leah et al. 1991) and enhance resistance to fungal pathogens in transgenic plants (Brogue et al. 1988; Jach et al. 1995; Eilenberg et al. 2006) .
Although functionally related, members of these two chitinase families do not share sequence similarity or 3D structure and the two families are hypothesized to have arisen independently (Hamel et al. 1997) . GH families 18 and 19 are encoded by large gene families and have been organized into five classes according to sequence, structure, and phylogenetic relationship (Shinshi et al. 1990; Collinge et al. 1993; Beintema 1994; Melchers et al. 1994; Araki and Torikata 1995; Hamel et al. 1997; Passarinho and de Vries 2002) : classes I, II, and IV comprise family 19 and classes III and V together form GH family 18. GH family 19 chitinases, which are able to bind to and catalyze the hydrolysis of chitin polymers, are responsible for the majority of chitinolytic activity within plant material (Legrand et al. 1987) . These include the class I chitinases, characterized by four consecutive domains: 1) a hydrophobic but variable N-terminal signal peptide, 2) a cysteine-rich domain, 3) a highly variable proline-rich hinge, and 4) a catalytic domain (Iseli et al. 1993; Melchers et al. 1993; Graham and Sticklen 1994) . Processing of class I chitinase preproteins occurs at the endoplasmic reticulum, where the N-terminal signal peptide is removed from the mature form. The cysteine-rich domain is involved in chitin-binding and certain positions within the chitin recognition or binding domain signature PS00026 (C-x(4,5)-C-C-S-x(2)-G-x-c-g-x(4)-[FYW]-C) are highly conserved. Separating the cysteine-rich domain from the catalytic domain is the highly variable proline-rich hinge, a region that not only varies in sequence but length and may be absent altogether. Within the catalytic domain, positions are conserved between class I chitinases within the chitinase 19_1 signature PS00773 (C-x(4,5 
)-F-Y-[ST]-x(3)-[FY]-[LIVMF]-x-A-x(3)-[YF]-x(2)-F-[GSA]) and chitinase 19_2 signature PS00774 ([LIVM]-[GSA]-F-x-[STAG](2)-[LIVMFY]-W-[FY]-W-[LIVM]
). In addition to these domains, a C-terminal extension (CTE) may also be present, a sequence that has been shown to be necessary and sufficient for transmission of the protein to the vacuole (Neuhaus et al. 1991; Chrispeels and Raikhel 1992) . When the CTE is absent or is altered via mutagenesis, class I chitinases are translocated extracellularly (Esaka et al. 1990; Dore et al. 1991; Melchers et al. 1993; Neuhaus et al. 1994) . The presence or absence of a CTE thus divides class I chitinases into two subclasses: subclass Ia (CTE present) and subclass Ib (CTE absent).
Subclass Ia and Ib chitinases play a major role in pathogenic response in plants (Liao et al. 1994; Wu et al. 1994; Gijzen et al. 2001; Zhao et al. 2011 ) and evidence for the rapid adaptive evolution of these genes exists for both eudicot and monocot class I chitinases (Bishop et al. 2000; Tiffen 2004 ). In Arabis, adaptive amino acid replacements occur disproportionately in the active site cleft (Bishop et al. 2000) , whereas positively selected amino acids have been identified within a homologous active site cleft in Zea class I chitinases (Tiffen 2004) . The presence of positively selected sites has been attributed to an evolutionary arms race between class I chitinases and competitive inhibitors produced by fungal pathogens. Differences in the number of positively selected sites for certain flowering plant lineages may reflect lineagespecific adaptive responses.
In addition to serving as a pathogenic response in plants, class I chitinases have been shown to be important players in plant carnivory in the Caryophyllales. The presence of class I chitinase proteins and their activity was demonstrated within the specialized carnivorous traps of sundews (Drosera) and tropical pitcher plants (Nepenthes) (Matusíková et al. 2005; Eilenberg et al. 2006) . To validate that chitinolytic activity was endogenous, plant genomic and cDNA sequences of class I chitinases were obtained and expression was localized to the digestive glands. In Nepenthes khasiana, subclass Ia and Ib chitinases were shown to be differentially expressed and in the secretory region of the trap; subclass Ia is constitutively expressed in the secretory cells, whereas subclass Ib expression was upregulated in response to chitin (Eilenberg et al. 2006) . Sequence dissimilarity between these subclasses is attributed to the presence of a variable prolinerich hinge and loss of a vacuole targeting signal at the carboxyl terminal in subclass Ib, the later hypothesized to allow excretion from the secretory cells for prey digestion (Eilenberg et al. 2006) . In Drosera rotundifolia, class I chitinases were localized to the sessile and stalked glandular tentacles utilized in prey trapping and digestion and, similar to subclass Ib chitinases in Nepenthes, were shown to be upregulated in response to chitin substrate (Matusíková et al. 2005) . Class I chitinases thus seem to play a double role in the carnivorous plants of the Caryophyllales, both for pathogenic response and prey digestion.
Although the evolution of class I chitinases has been studied in noncarnivorous plants in relation to pathogenic response (Bishop et al. 2000; Tiffen 2004 ), this study is the first to analyze the relationship between the evolution of the chitinase gene family and plant carnivory. We identify homologs of subclass Ia and Ib chitinases in the Caryophyllales from Drosera, Dionaea, a closely related part-time carnivorous plant (Triphyophyllum) and related plants that have lost the carnivorous habit (Ancistrocladus) (Renner and Specht 2011) . In addition, we test whether subclasses of class I chitinases in the carnivorous Caryophyllales have a similar proportion of residue replacements in the active site cleft as class I chitinases primary utilized as PR proteins by noncarnivorous monocots and eudicots. If a certain subclass of chitinase is primarily used for prey digestion rather than for pathogenic response, selection may act differently on these proteins. Our research is driven by two hypotheses: 1) during the evolution of carnivory within the Caryophyalles, chitinase genes that were primarily utilized for pathogenesis response by ancestral noncarnivorous plants diverged, allowing for subfunctionalization of subclass Ia (for pathogenesis) and Ib chitinases (for carnivory) and 2) selection pressure acting on subclass Ib chitinases shifted as functional pathogenesis response gave way to a role specific to carnivory.
Materials and Methods

Tissue Collection and DNA Extraction
Class I chitinases were amplified from species within the families Ancistrocladaceae, Dioncophyllaceae, Droseraceae, and Nepenthaceae. Collected tissue samples originated mainly from living collections at California Carnivores in Sebastopol, California, Missouri Botanical Garden, University of California Botanical Garden, and Universität Würzburg. Freshly collected leaf tissue was preserved in silica gel and frozen at À80°C. Total genomic DNA (gDNA) was extracted from the leaf base (Dionaea), leaf lamina (Ancistrocladus and Drosera), and the lamina-like region of the leaf-base (Nepenthes and Triphyophyllum) using cetyltrimethyl ammonium bromide (CTAB) (Doyle and Doyle 1987) or a modified sodium dodecyl sulfate and sodium chloride protocol (Edwards et al. 1991) . Extracted gDNA was quantified with a NanoDrop 1000 (Thermo Fisher Scientific Inc., Wilmington, DE). gDNA was chosen over cDNA for the ability to use intergenic regions to distinguish multiple gene copies from allelic variability, the capability to isolate pseudogenes, and the potential that certain subclasses were not be expressed in all tissue obtained for cDNA synthesis. Taxa utilized in our analyses are summarized in supplementary material S1 (Supplementary Material online).
PCR and Cloning of Class I Chitinase Genes
Four sets of primer pairs were designed from full-length N. khasiana gDNA sequences (AY618881, AY618883, AY618885, AY618887), and partial subclass Ib mRNA sequences from Droseraceae (AY643484, AY622818, AY643483) available in GenBank. Subclass Ia chitinase genes were amplified using primer pairs PFF 509 (5#-CCA-AAC-TTC-CCA-TGA-AAC-TAC-3#)/PFF 511 (5#-CCC-CAC-CGT-TGA-TGA-TGT-T-3#) and PFF 757 (5#-GCC-AGA-GCC-AGT-GCA-GC-3#)/PFF 758 (5#-CCC-ACC-GTT-GAT-GAT-GTT-3#). Subclass Ib chitinase genes were amplified with primer pairs PFF 755 (5#-TGC-CAG-AGC-CAG-TGT-GG-3#)/PFF 756 (5#-CTG-GMT-GTA-GCA-GTC-CAA-GTT-3#). Polymerase chain reactions (PCRs) were performed in 10 ll aliquots with 10-100 ng of gDNA, 0.02 Renner and Specht · doi:10.1093/molbev/mss106 MBE U iProof Polymerase (Bio-Rad, Hercules, CA), 1X HF iProof buffer, 2.0 mM MgCl 2 , 0.2 mM each of dNTP, 0.5 lM of each primer, and 100% DMSO. When the iProof Polymerase system failed to amplify PCR products using the designed primer pairs, the Phire Plant Direct PCR Kit (Finnzymes Inc., Woburn, MA) was used. All PCR reactions were run on a MyCycler (Bio-Rad) thermal cycler under a three-step PCR protocol as suggested by the manufacturer.
Amplified products were either directly cloned or gelpurified with a QIAquick gel extraction kit (QIAGEN, Germantown, MD) and subsequently cloned into the pJet1.2 vector (Fermentas International Inc., Burlington, Ontario, Canada). At least eight colonies per ligation reaction were chosen to screen with colony PCR. Sequences from the resulting colonies were amplified with vector-specific primers and the Phire Polymerase (Finnzymes Inc.). PCR products were purified using exonuclease I and shrimp alkaline phosphatase to remove single-stranded primers and remaining dNTPs (Fermentas International Inc.) and cycle sequenced using described PCR primers (2 lM) and the ABI Prism BigDye Terminator Cycle Sequence Ready Reaction Kit v3.1 (PerkinElmer/Applied Biosystems, Foster City, CA). Products of cycle sequencing were resolved on an ABI Prism 3100 or 3730 automated sequencer (Applied Biosystems). Caryophyllales subclass Ia and Ib chitinase gDNA sequences (table 1) are available via GenBank (Benson et al. 2005) , with the exception of sequences .200 bp, which are available in supplementary materials S2 and S3 (Supplementary Material online).
The percentage of identical sites between translated N. khasiana complete subclass Ia and Ib chitinases (AY618881, AY618883, AY618885, AY618887) and partial class I chitinases amplified from Nepenthaceae, Droseraceae, Ancistrocladaceae, and Dioncophyllaceae, was calculated in Geneious Pro 5.3.6 (Drummond et al. 2010 ; available at http://www.geneious.com/). Perfect and imperfect tandem repeats were located in Caryophyllales subclass Ia and Ib chitinase sequences using Phobos 3.3.12 (Mayer 2006 (Mayer -2010 .
Identification of Class I Chitinase Homologs
Two bioinformatic approaches were used in combination to identify homologs of carnivorous plant class I chitinases from online databases. First, N. khasiana subclass Ia and Ib chitinases (GenBank AY618881, AY618883, AY618885, AY618887) were used as query sequences for CoGeBlast (Lyons and Freeling 2008; ) tblastx searches against the following genomes: Arabidopsis thaliana (TAIR: v9, masked repeats 50x), Brachypodium distachyon line Bd21 (JGI: v1, masked repeats 50x), Glycine max (JGI: v1, masked repeats 50x), Lotus japonicus (v1, unmasked), Medicago truncatula (Medicago.org: v3.5.1, unmasked), Oryza sativa ssp. japonica (MSU Rice Genome Annotation: v6.1 masked repeats 50x), Physcomitrella patens (JGI: v1.1, unmasked), Populus trichocarpa (JGI: v2 masked by JGI v1.4), Selaginella moellendorffii (JGI: v1, unmasked), Sorghum bicolor (JGI: v1.4, masked repeats 50x), Vitis vinifera (French National Sequence Center: v2 masked by genoscope), Zea mays ssp. mays (MaizeSequence.org: refgen_v2 assembly, filtered gene set annotations: 5b, v2 super masked repeats 50x). Only hits with an E-value cutoff of less than 0.001 and the most complete gene model for each chromosomal location were retained. An alignment of class I chitinases identified by CoGeBlast was constructed with ClustalX under default settings (Thompson et al. 1994) , adjusted manually, and subsequently translated in Mesquite v2.72 (Maddison WP and Maddison DR 2010) . HMMER v3.0 (http://hmmer.janelia.org/) was then used to create the HMM profile ''krEiAAFLaQTSHETTgGWatAPdGpYaWGYCf'' to surround the H-E-T-T motif, a signature highly conserved among class I chitinases (Passarinho and de Vries 2002) to search against well-annotated A. thaliana, O. sativa ssp. japonica, S. bicolor, and V. vinifera genomes. Corresponding gene hits obtained with HMMER from the specified plant genomes were downloaded from Phytozome v7.0 (http://www.phytozome.net/). Any class I chitinases found in addition to those retrieved from CoGe searches were included in our analyses. Class I Chitinases in Carnivorous Plants · doi:10.1093/molbev/mss106
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As class IV chitinases can be remarkably similar in their sequence and domain structure to class I chitinases, a set of criteria were developed to ensure only class I chitinases were saved from CoGeBlast and HMMER searches. Sequences from genome searches were retained only if the following signatures were present: 1) chitinase-binding domain (Prosite PS00026), 2) Chitinase 19_1 signature (Prosite PS00773), 3) Chitinase 19_2 signature (Prosite PS00774), and 4) H-E-T-T motif.
Five class IV chitinases from eudicots and monocots (AtChitIV, AT2G43590; NaChitIV, GenBank AB289807; OsChitIV, LOC_Os02g39330; SbChitIV, Sb06g021220; VvChitIV, GSVIVG01038117001) serve as the outgroup for analyses of the HMM-derived data set. Class IV chitinases have a similar domain architecture to class I but are significantly shorter due to deletions within the chitin-binding and catalytic domains (see supplementary materials S2 and S3, Supplementary Material online). In addition, for each class IV sequence, the proline-rich hinge is absent and amino acid substitutions occur in the H-E-T-T motif of the first active site of the catalytic domain resulting in H-E-T-G/I. All identified class IV chitinases are missing a CTE and are therefore presumed to be extracellular.
Class I Chitinase Nomenclature
To easily refer to the proteins discovered via the methods described, we have designated the following naming system: for those class I chitinases from Ancistrocladus grandiflorus, AgChitI-x; Ancistrocladus robertsoniorum, ArChitI-x; A. thaliana, AtChitI-x; B. distachyon, BdChitI-x; Dionaea muscipula, DmChitI-x; Drosera binata, DbChitI-x; Drosera capensis, DcChitI-x; D. rotundifolia, DrChitI-x; Drosera spathulata, DsChitI-x; G. max, GmChitI-x; L. japonicus, LjChitI-x; M. truncatula, MtChitI-x; N. khasiana, NkChitI-x; Nepenthes maxima, NmaxChitI-x; Nepenthes mirabilis, NmirChitI-x; O. sativa ssp. japonica, OsChitI-x; P. trichocarpa, PtChitI-x; S. bicolor, SbChitI-x; Triphyophyllum peltatum, TpChitI-x; V. vinifera, VvChitI-x; Zea mays ssp. mays, ZmChitI-x. The letter x denotes the number associated with the gDNA sequence (table 2).
Phylogenetic Analysis
Forward and reverse sequences for newly amplified class I chitinase genes from the Caryophyllales were assembled and edited with Sequencher v4.7 (Gene Codes Corp.). A multiple sequence alignment for 49 chitinase sequences was constructed with ClustalX under default settings (Thompson et al. 1994 ) with manual adjustment in Mesquite v2.72 (Maddison WP and Maddison DR 2010) . Regions that were poorly aligned across the entire data set were removed from the CDS translation for phylogenetic analyses. These include intergenic regions, the proline-rich hinge between chitinbinding and catalytic domains, and N-and C-termini. For subsequent analyses, we used two data sets to assess class I chitinase evolution: 1) a protein alignment including all class I chitinase homologs identified in angiosperm genomes studied here and those retrieved from the Caryophyllales either via PCR or through GenBank (angiosperm-wide) and (2) a reduced data set only including HMM-derived A. thaliana, V. vinifera, O. sativa ssp. japonica, and S. bicolor class I chitinase homologs and those obtained from the Caryophyllales (HMM-derived). The HMM-derived data set was constructed to reduce the possibility that erroneously predicted sequences were included in our study of selection acting on class I chitinases. Class I chitinase sites and corresponding residues described here are numbered according to positions within these multiple sequence alignments (see supplementary material S2, Supplementary Material online). The seven active sites (I-VII) of the catalytic domain are also indicated in supplementary material S2 (Supplementary Material online), which correspond to regions described by Garcia-Casado et al. (1998) , Bishop et al. (2000) , Passarinho and de Vries (2002), and Tiffen (2004) .
Bayesian inference (BI) was used to build the phylogeny for the angiosperm-wide data set in MrBayes v3.1.2 (Ronquist and Huelsenbeck 2003) under the WAG þ I þ G model of evolution as determined by the Bayesian information criterion (BIC) in ProtTest v2.4.mac (Abascal et al. 2005) . Two Bayesian analyses were performed simultaneously with the NOTE.-Class I chitinase; ID. Genome location refers to the chromosomal location.
Renner and Specht · doi:10.1093/molbev/mss106 MBE posterior probability (pp) distribution of trees approximated using the Metropolis-coupled Markov chain Monte Carlo (MCMCMC) algorithm with four incrementally heated chains for 2,132,000 generations while sampling trees every 100 generations until both analyses converged on similar log likelihood scores (average standard deviation [SD] of split frequencies , 0.01). Data was further analyzed to ensure convergence with Tracer v1.5 (Rambaut and Drummond 2003-2009 ). SumTrees v3.0.0 (Sukumaran and Holder 2010) was used to combine the trees from both runs using a burn-in of 2,132 trees per run and to assemble a 50% majority rule tree from the remaining trees. Under the Blosum62 þ I þ G þ F model of evolution as determined by the BIC in ProtTest, two Bayesian analyses were performed simultaneously for the HMM-derived data set with the pp distribution of trees approximated using the MCMCMC algorithm with four incrementally heated chains for 1,782,000 generations, sampling trees every 100 generations. Similar to the phylogenetic analyses of angiosperm-wide data set, analyses were run until both analyses converged on similar log likelihood scores (SD , 0.01). SumTrees was used to combine trees from both runs following removal of a burn-in of 1,782 trees per run and to assemble a 50% majority rule tree post burn-in. Angiosperm-wide and HMM-derived phylogenetic trees were edited in FigTree v1.3.1 and Adobe Illustrator.
Detecting Selection
As an initial assessment of evolutionary forces acting on angiosperm class I chitinases, we used TestBranchdNdS method in HyPhy 2.0.mac (Pond et al. 2005) to test whether branches leading to the two major class I chitinase lineages evolved under different selection pressures than the remaining branches of the phylogeny ( fig. 2) . The analysis was performed using the with the MG94xGTR nucleotide substitution model, site-to-site rate variation model with dN (the number of nonsynonymous substitutions per nonsynonymous site) and dS (the number of synonymous substitutions per synonymous site) allowed to vary simultaneously and the default amino acid class model. For lineage-specific tests, two evolutionary models were fit to the tree: 1) the rates of protein evolution are the same across the entire tree and 2) the rates of protein evolution are different in the branch separating Class I-Clade 1 or Class I-Clade 2 from the rest of the class I and IV chitinases in the phylogeny ( fig. 2 ). Because models 1 and 2 are nested, we used a likelihood ratio test to determine statistical significance of improvement in likelihood with the addition of parameters in model 1.
To further test certain lineages for differential selection, we used the fixed effects likelihood (FEL) model in HyPhy 2.0.mac to estimate nonneutral evolution for specific branches of the BI 50% majority rule consensus tree for the HMM-derived data set ( fig. 2) . For each lineage, a two-rate analysis was used to allow adjustment of dN and dS across sites, a GTR model crossed with MG94 was specified for the nucleotide model of evolution, and dN/dS was estimated from the data with branch corrections. As suggested by the HyPhy program default, P-values , 0.10 were considered to be significant.
Template Identification, Modeling Homology, and Functional Analysis Protein structure homology modeling of full-length N. khasiana subclass Ia (NkChitI-1) and Ib (NkChitI-3) chitinases was performed using gapped blast and HHSearch database searches with the SWISS-MODEL server (Peitsch 1995; Arnold et al. 2006; Kiefer et al. 2009 ) against HMMPfam, HMMTigr, ProfileScan, SuperFamily libraries. A crystal structure of a family 19 chitinase from Carica papaya (PDB ID: 3cqlB) was identified as the closest homolog to NkChitI-1 and NkChitI-3 in complex with NAG (Bernstein et al. 1977) . Comparative modeling of N. khasiana class I chitinase was accomplished by constructing a model of NkChitI-1 and NkChitI-2 from C. papaya 3cqlB utilizing the SWISS-MODEL alignment mode tool. The program MacPyMOL v1.3 (Schrödinger LLC) was then used to thread the 3D models of NkChitI-1 and NkChitI-2 to 3cqlB associated with two NAG oligomers in the active site cleft and introduced water molecules (Huet et al. 2008 ). To detect substrate interacting regions, polar contacts 5 Å were visualized in MacPyMOL between N. khasiana subclass Ia/Ib chitinases and 3cqlB-complexed NAG and water molecules positioned in the active site cleft via threading. Sites identified as under positive selection by the two-rate FEL model that coincide with residues directly interacting with NAG or in water-mediated interactions were mapped to PDB coordinates in MacPyMOL.
Results
Class I Chitinase Homologs Expanded in Land Plant Genomes
Within the land plant genomes studied here, we were unable to identify genes that contained all required class I chitinase signatures from P. patens (a moss) and S. moellendorffii (a lycophyte) genomes. Instead, chitinases recovered from these taxa lacked a chitin-binding site characteristic of class I.
Subclass Ia and Ib chitinases distinguished by the presence or absence of a CTE and are represented generally within eudicot genomes, however when considering any individual genome, the presence of both subclasses is not guaranteed ( fig. 1A and B, table 2 ). Similar to a previous analysis of the A. thaliana chitinase gene family (Passarinho and de Vries 2002), we found a single subclass Ia chitinase with a 7-residue-long CTE (AtChitI-1). On the contrary, one subclass Ib chitinase was recovered from the V. vinifera genome (VvChitI-1), which is missing a CTE indicative of extracellular activity, a portion of chitin-binding domain and the majority of the proline-rich hinge.
Subclass Ib chitinases of G. max (GmChitI-1 and GmChitI-2) and M. trunculata (MtChitl-1) are missing a CTE like that of VvChitI-1 but have a complete proline-rich hinge. L. japonicus LjChitI-1 is missing a portion of the proline-rich hinge similar to GmChitI-1, GmChitI-2, and MtChitI-1, yet unlike these Fabaceae class I chitinases, it is subtended by a 9-residue-long CTE; an indicator that LjChitI-1 is a subclass Ia chitinase. Residues identified as important players in catalytic activity and substrate binding (Garcia-Casado et al. 1998) are conserved in GmChitI-1, GmChitI-2, MtChitI-1, Class I Chitinases in Carnivorous Plants · doi:10.1093/molbev/mss106 MBE and LjChitI-1 with the exception of Thr273 located in active site IV of the catalytic domain.
In P. trichocarpa, PtChitI-1, PtChitI-2, PtChitI-3, PtChitI-4, PtChitI-5 are all subclass Ia chitinases based on the presence of a CTE. The CTE is relatively conserved between PtChitI-1, PtChitI-2, PtChitI-3, PtChitI-4, beginning with Gly-Leu-Leu, however the CTE of PtChitI-5 is deviant, beginning with Thr-Leu-Gly and containing an extra residue (ten residues in PtChitI-5 vs. 9 residues in PtChitI-1, PtChitI-2, PtChitI-3, and PtChitI-4). All are missing portions of the proline-rich hinge, and 6þ glycine repeats can be found in this domain for PtChitI-1, PtChitI-3, and PtChitI-5. Similar glycine repeats are present in PtChitI-2 and PtChitI-4 in the proline-rich hinge domain but to less of a degree. A number of amino acid substitutions are present in the active sites of the catalytic domain, namely, in active site III where tyrosine (Tyr256) has been substituted for a tryptophan at a site identified to participate in substrate binding (Garcia-Casado et al. 1998) .
Like eudicot genomes, monocot genomes contain both subclasses Ia and Ib chitinases ( fig. 1A and B, table 2 ). Of the four class I chitinases identified in the O. sativa ssp. japonica genome, only one (OsChit1-2) is considered a subclass Ia chitinase based on the presence of a 9-residue-long CTE (beginning with Gly-Ser-Ser). OsChitI-3 is unique in that threonine (Thr273) is substituted for serine at a site demonstrated to bind directly to the substrate (Brameld and Goddard 1998; Fukamizo 2000; Huet et al. 2008) , whereas OsChitI-1, OsChitI-2, and OsChitI-4 all have the conserved serine (Ser273). Also within active site IV of OsChitI-1 and OsChitI-2, phenylalanine (Phe276) has been substituted for tyrosine at a site identified as important for catalytic activity and substrate binding (Verburg and Huynh 1991; Verburg et al. 1992 Verburg et al. , 1993 Huet et al. 2008) .
We found two class I chitinases in the Z. mays ssp. mays genome (ZmChitI-1 and ZmChitI-2), both of which are identified as subclass Ia and vacuolar based on the presence of CTE extensions, 9 and 16 residues, respectively. Each Z. mays ssp. mays class I chitinase has a proline-rich hinge with glycine repeats. Additionally, in ZmChitI-1 at Arg315, arginine is substituted for glutamine, a residue important in substrate binding (Garcia-Casado et al. 1998) . The CTE of ZmChitI-1 and ZmChitI-2 are highly divergent from each other and do not begin with Gly-Leu-Leu as in AtChitI-1. Tiffen's (2004) Renner and Specht · doi:10.1093/molbev/mss106 MBE I chitinases without a CTE from the Z. mays ssp. mays genome.
The majority of the proline-rich hinge of S. bicolor class I chitinases is missing, with only two proline repeats in this domain for SbChitI-1. SbChitI-1 has a CTE (subclass Ia), whereas SbChit1-2 does not (subclass Ib). As in ZmChitI-1, an arginine is substituted for glutamine at Arg315 in SbChitI-1.
The B. distachyon genome contains subclass Ia and Ib chitinases, all of which have the proline-rich hinge domain: BdChitI-1, BdChitI-2, and BdChitI-3 are all missing a CTE (likely subclass Ib), whereas BdChitI-4 has an exceptionally long þ41 residue CTE (subclass Ia). BdChitI-4 is also missing a region 5-prime to active site VII in the catalytic domain and has a single amino acid change from serine to threonine (Thr273) in active site IV a site observed to form a direct hydrogen bond with NAG (Brameld and Goddard 1998; Huet et al. 2008 ).
Class I Chitinase Subclasses Are Identified in Carnivorous Plants and Related Genera of the Caryophyllales
Comparative analyses of class I chitinases amplified from Nepenthes, Drosera, and Dionaea, Ancistrocladus, and Triphyophyllum show differences in the length and sequence of noncoding regions (see GenBank for gDNA sequences, table 1), whereas coding regions are fairly conserved at the amino acid level within respective subclasses as determined via pairwise distance. Subclasses are reciprocally monophyletic, indicating origins prior to the evolution of the carnivorous Caryophyllales ( fig. 1A) .
Four Nepenthes sequences were recovered from GenBank (NkChitI-1, NkChitI-2, NkChitI-3, NkChitI-3) representing both subclass Ia and Ib chitinases (table 1) . Subclass Ia chitinases (NkChitI-1 and NkChitI-2) possess a CTE beginning with Gly-Leu-Leu, comparable to the vacuolar eudicot class I chitinases and are characterized as constitutively expressed housekeeping chitinases (Eilenberg et al. 2006 ). Similar to OsChitI-1 and OsChitI-2, both possess a phenylalanine at site 276 in active site IV of the catalytic domain. NkChitI-1 and NkChitI-2 are also missing the majority of the proline-rich hinge domain. Subclass Ib chitinases (NkChitI-3 and NkChitI-4) are both missing a CTE and are secreted into the pitcher fluid when induced in response to chitin (Eilenberg et al. 2006 ). NkChitI-3 and NkChitI-4 also have the proline-rich hinge, similar to the monocot class I chitinases. Unlike NkChitI-1 and NkChitI-2, NkChitI-3 and NkChitI-4 do not have the phenylalanine substitution in active site IV.
We sequenced subclass Ia and Ib chitinases from N. mirabilis and N. maxima ( fig. 1A and B, table 1 ), categorizing them based on percent pairwise identity of translated CDS sequences to previously sequenced N. khasiana class I chitinases. NmaxChitI-1, NmaxChitI-2, and NmirChitI-1 share high percent similarity with NkChitI-1 and NkChitI-2 (.99%), suggesting that these sequences are subclass Ia chitinases. NmirChitI-3 shows high percent similarity (.99%) with NkChitI-3 and NkChitI-4 and could be a subclass Ib chitinase. Two additional sequences were recovered from N. mirabilis and N. maxima with domains similar to N. khasiana subclass Ib chitinases. Although these sequences have the proline-rich hinge characteristic to NkChitI-3 and NkChitI-4, they also contain stop codons and/or a base pair change that results in disruption of the conserved H-E-T-T motif. We consider these possible pseudogenes, as premature stop codons would hinder translation into a full-length class I chitinases. Our phylogenetic analyses exclude N. mirabilis and N. maxima class I chitinase pseudogenes, but sequences were submitted to GenBank (JN867627 and JN867630).
Subclass Ia and Ib chitinases were retrieved for taxa within the genus Drosera either via GenBank queries or by PCR ( fig. 1A and B, table 1) . A single class I chitinase has been previously sequenced from D. rotundifolia (DrChitI-1). The CDS translation of DrChitI-1 has high percent identity to NkChitI-1 and NkChitI-2 (93.1%), which suggests that this may be a subclass Ia chitinase. We amplified two additional D. rotundifolia chitinase gene sequences (DrChitI-2 and DrChitI-3), one of which includes part of the proline-rich hinge domain and both of which contain the 5-prime region of the catalytic domain with valine, as in the monocot class I chitinases described here. DrChitI-2 and DrChitI-3 share high percent identity with NkChitI-3 and NkChitI-4 and may be subclass Ib sequences. DsChitI-1 is a previously sequenced D. spathulata class I chitinase, which has high percent identity (91.2%) with NkChitI-3 and NkChitI-4 and therefore could be subclass Ib sequence. A notable deviation for DsChitI-1 is a substitution of tryptophan for a tyrosine (Tyr256) in active site III, a site identified as important in substrate binding (GarciaCasado et al. 1998 ). We amplified a region corresponding to a region of the catalytic domain from two D. binata chitinases. Both share high percent identity with NkChitI-3 and NkChitI-4 and therefore may be subclass Ib sequences. A partial chitinase gene sequence corresponding to a region of the proline-rich hinge and the catalytic domain was amplified from D. capensis (DcChitI-1). As the CDS translation shares high percent identity (94.0%) with NkChitI-3 and NkChitI-4, this could be subclass Ib sequence. Like DrChitI-2, the 5-prime end of the catalytic region is preceded by a string of 3 glycines. Valine is also present in the 5-prime end of the catalytic region, similar to DrChitI-2 and DrChitI-3 and monocot class I chitinases described here. We were able to extend amplification to the H-E-T-T motif for DcChitI-1, another indicator of this gene sequence's homology with class I chitinases.
Two partial D. muscipula chitinase sequences were also included in our analyses ( fig. 1A and B, table 1 ). These comprise DmChitI-1, a chitinase amplified by PCR and DmChitI-2, a class I chitinase mRNA sequence previously deposited into GenBank (AY643484). The CDS translation of DmChitI-1 begins just after the start of the catalytic domain, extends through the H-E-T-T motif and terminates after active site VII. Similar to NkChitI-1 and NkChitI-2, tyrosine is substituted with phenylalanine in active site IV. DmChitI-1 shares moderately high percent identity (89.6%) with Class I Chitinases in Carnivorous Plants · doi:10.1093/molbev/mss106 MBE NkChitI-1 and NkChitI-2 and is possibly a subclass Ia chitinase. The translated CDS of DmChitI-2 begins within active site IV and extends through active site VI. Interestingly, and quite unlike all the other class I chitinases described here, active site IV has a cysteine at site 276 (Cys276). DmChitI-2 shares 94.0% identical sites with NkChitI-3 and NkChitI-4 and thus may be a subclass Ib chitinase.
We amplified five partial chitinase genes from two species of Ancistrocladus: A. grandiflorus and A. robertsoniorum ( fig. 1A and B, table 1) . Compared with class I chitinases amplified from Nepenthes, Ancistrocladus amplicons corresponding to the five chitinases described were unusually short (,500 bp). The CDS translation of AgChitI-1 contains all seven active sites of the catalytic domain, the first active site having the conserved H-E-T-T motif. A portion of the proline-rich hinge is present in the AgChitI-2 sequence, as well as the 5-prime region of the catalytic domain up to the first active site of the catalytic domain. AgChitI-3 contains the same region as AgChitI-2, but differences are found in the proline-rich hinge. We were able to partially sequence ArChit-1 to include the 5-prime region of the catalytic domain through active site I, as well as amplify a portion of ArChitI-2 from the proline-rich hinge up to the first active site of the catalytic domain. Considerable nucleotide differences within the first and second intergenic regions can be found between ArChitI-1 and ArChitI-2. AgChitI-1 and ArChitI-1 share high sequence identity with NkChitI-1 and NkChitI-2 and may be subclass Ia chitinases. The sequence identity shared between AgChitI-2 and ArChitI-2 and full-length N. khasiana class I chitinases is almost identical, making it difficult to classify these sequences on site similarity alone. AgChitI-3 shares high sequence identity (92.4%) with NkChitI-1 and NkChitI-2, yet phylogenetic analyses place AgChitI-3 close to NkChitI-3 and NkChitI-4 (figs. 1A and 2).
Similar to the Ancistrocladus class I chitinases described above, certain amplified chitinase PCR products from Triphyophyllum were shorter in length than expected: the CDS for TpChitI-3 is ;200 bp, whereas TpChitI-1 and TpChitI-2 range from ;500 to 800 bp. TpChitI-1 and TpChitI-3 do not span the proline-rich hinge but begin either at the 5-prime end of the catalytic domain (TpChitI-2) or at active site I (TpChitI-1). TpChitI-1 and TpChit-2 extend to the sixth active site, and TpChitI-2 continues to include active site VII.
Evolution of Class I Chitinases in 15 Angiosperm Genera
Phylogenetic analysis of class I chitinases indicates that there are three major lineages of class I chitinases in the angiosperms (fig. 1A ). The first lineage (A) includes vacuolarlocated (subclass Ia) and extracellular (subclass Ib) class I chitinases of the eudicots. Within this lineage, there are three distinct clades. One well-supported (0.99 pp) clade (A1) is composed of Caryophyllales-exclusive (Ancistrocladus, Nepenthes, and Triphyophyllum) class I chitinases, two of which are known to have a CTE (N. khasiana, NkChitI-1 and NkChitI-2). The second clade (A2) includes A. thaliana, L. japonicus, and P. trichocarpa class I chitinases, all of which have a CTE. A single carnivorous plant class I chitinase (D. rotundifolia, ChitI-2) is positioned sister to this clade. Five additional eudicot class I chitinases comprise the third clade (A3), which includes a partial class I chitinase from D. muscipula and full-length G. max, M. truncatula, and V. vinifera sequences without a CTE.
A second major lineage sister to lineage A is yet another Caryophyllales-exclusive clade that is relatively well supported (0.86 pp) (B). Two clades are present in this lineage. The first clade (B1) is exclusive to Nepenthes class I chitinases, two of which (N. khasiana, NkChitI-3, and NkChitI-4) are fulllength sequences which are missing a CTE. The second clade (B2) is a polytomy of partially sequenced Ancistrocladus, Dionaea, Drosera, and Triphyophyllum class I chitinases.
The monocot class I chitinases form another lineage (C) with good support (0.76 pp). A few phylogenetic relationships can be inferred; B. distachyon class I chitinases with and without a CTE (BdChitI-4 and BdChitI-1 through 3, respectively) form a monophyletic group (C1, 0.98 pp), whereas O. sativa ssp. japonica, S. bicolor, and Z. mays class I chitinases are polyphyletic. Clade C2 (0.98 pp) contains members with (ZmChitI-2) and without (OsChitI-1, OsChitI-4, OsChitI-3, and SbChitI-2) a CTE, whereas clade C3 (1.00 pp) includes O. sativa ssp. japonica, S. bicolor, Z. mays ssp. mays class I chitinases all with a CTE (OsChitI-2, SbChitI-1, and ZmChitI-1).
In the phylogenetic analysis of HMM-derived class I chitinases from A. thaliana, O. sativa ssp. japonica, S. bicolor, and V. vinifera genomes, two major lineages are present ( fig. 2) . The first lineage (Class I-Clade 1) includes two subfamilies of Caryophyllales class I chitinases. The first clade (I-4) contains Nepenthes class I chitinases, two of which are known to have a CTE (N. khasiana, NkChitI-1 and NkChitI-2). Sister to this clade is a single T. peltatum class I chitinase (TpChitI-2). The second clade (I-6) is comprised of Ancistrocladus and T. peltatum class I chitinases. One Drosera class I chitinase (DrChitI-1) is sister to the two described clades of Ancistrocladus, Nepenthes, and Triphyophyllum chitinases (I-2). A single V. vinifera class I chitinase (VvChitI-1) without a CTE is placed at the base of Class I-Clade 1 (1-1).
The second major lineage of class I chitinases ( fig. 2 , Class I-Clade 2), includes eudicot and monocot class I chitinases. Three clades are present in Class I-Clade 2, the first (I-8, 0.93 pp) contains O. sativa ssp. japonica and S. bicolor class I chitinases without a CTE (OsChitI-1, OsChitI-3, OsChitI-4, and SbChitI-2). The second clade (1-10, 1.00 pp) contains only Nepenthes class I chitinases, two of which are fulllength sequences (N. khasiana, NkChitI-3 and NkChitI-4) that are missing a CTE. Clade I-11 is a polytomy containing Ancistrocladus, Dionaea, Drosera, and Triphyophyllum class I chitinases (0.84 pp).
Certain Class I Chitinase Lineages and Sites Carry Different Signatures of Selection
The TestBranchdNdS test in HyPhy indicated that dN/dS is significantly different in Class I-Clade 1 (P 5 0) as compared with the rest of the phylogeny (fig. 2) . Conversely, dN/dS in Class I-Clade 2 is not significantly different (P 5 0.22539) than dN/dS for the remainder of the tree.
Renner and Specht · doi:10.1093/molbev/mss106 MBE To further estimate nonneutral evolution for specific branches of the HMM-derived class I chitinase phylogeny, we used the FEL method in HyPhy. Sites identified by the FEL method as being under positive selection are found in both major lineages of the class I chitinases (Class I-Clade I and Class I-Clade 2, fig. 3, and table 3 ). In Class I-Clade 1, clades I-2, I-4, and I-5 each contain at least one site under positive selection that falls within one of the seven active sites (see supplementary material S2, Supplementary Material online). In clade I-5, which contains Nepenthes subclass Ia chitinases, site 276 falling within active site IV is identified as under positive selection. In Class I-Clade 2, the FEL method identified site 317 positioned within active site V as under positive selection in clade I-9. Amino acid site 156, a positively selected site detected by the FEL method, is shared between the two major lineages of class I chitinases in clades I-2 (Caryophyllales subclass Ia), and I-3 (Caryophyllales subclass Ia, excluding DrChitI-1), I-4 (Caryophyllales subclass Ia, including TpChitI-2 and Nepenthes sequences), I-7 (Class I-Clade 2 in its entirety), and I-8 (O. sativa ssp. japonica and S. bicolor subclass Ib). Class I Chitinases in Carnivorous Plants · doi:10.1093/molbev/mss106 MBE NAG oligomers, some of which involve water molecules ( fig. 4) . In subclass Ia (NkChitI-1) and Ib (NkChitI-3) chitinases, hydrogen bonding is observed between NAG and residues His214, Asn277, Ile352, Glu357, Arg365, and Arg370. Hydrogen bonding mediated by water molecules is also observed between NAG and NkChitI-1 residues Thr217, Asn350, Ile351, Asn353, Gly354, Gly355, Val356. In NkChitI-3, water bridges residues Thr217, Tyr276, Asn350, Ile351, Asn353, Gly354, Gly355, and Leu356 to NAG. A number of NkChitI-1 and NkChitI-3 residues directly interact with NAG, while also taking part in water-mediated hydrogen bonding. Residues that participate in this type of interaction are Glu215, Gln239, Gln271, Ser273, Tyr274, and Lys318 in NkChitI-1, and Glu215, Val239, Gln271, Ser273, Tyr274, and Lys318 in NkChitI-3. Three sites have the potential to influence hydrogen bonding and ultimately functionality due to residue discrepancies between NkChitI-1 and NkChitI-3 ( fig. 4) . At site 239, a glutamine is present in NkChitI-1 (Gln239), whereas a valine occupies the same site in NkChitI-3 (Val239). This site is positionally homologous to Arg90 in C. papaya GH family 19 chitinase, a residue involved in substrate binding that is also conserved across other plant GH family 19 chitinases (Huet et al. 2008) . Site 276, identified as under positive selection in Nepenthes subclass Ia chitinases by the FEL method (clades I-4 and I-5, figs. 2 and 3, and table 3), is homologous in its position to a tyrosine residue in NkChitI-3 involved in water-mediated hydrogen bonding to NAG (fig. 4) . In NkChitI-1, a phenylalanine occupies site 276, a substitution that prevents hydrogen bond formation due to the hydrophobic nature of the benzyl side chain. Lastly, NAGinteracting site 356 differs between NkChitI-1 and NkChitI-3 by the presence of either a valine or leucine, respectively. This site is homologous to C. papaya family 19 chitinase Leu202, a residue that forms a hydrogen bond with NAG by involving a water molecule (Huet et al. 2008) .
Substitutions in the Active
Discussion
Molecular Evolution of Class I Chitinases in Angiosperms
While phylogenetic relationships among chitinase gene families have been explored in monocot and eudicot taxa (Davis et al. 1991; Hamel et al. 1997; Tiffen 2004; Bishop et al. 2000; Xu et al. 2007; Shoresh and Harman 2008; Prakash et al. 2010; Rottloff et al. 2011) , this study is the first to conduct an indepth analysis of angiosperm class I chitinases, while focusing on the functional evolution of class I chitinase subclasses in the carnivorous plants of the Caryophyllales.
Phylogenetic reconstructions of class I chitinase homologs reveal three major lineages in the angiosperms and two well-supported clades containing either Caryophyllales subclass Ia or Ib chitinases ( fig. 1 ). Sequences amplified from carnivorous genera Dionaea, Drosera, and Nepenthes, part-time carnivore Triphyophyllum, and noncarnivorous Ancistrocladus fall within subclass Ia and Ib chitinasespecific clades, with the exception of DmChitI-1, a D. muscipula class I chitinase sequence that is unresolved in the HMM-derived phylogeny ( fig. 2) . Clade specificity for subclass (Ia, Ib) is inconsistent among other angiosperms class I chitinases analyzed. For example, B. distachyon, O. sativa ssp. japonica, S. bicolor, and Z. mays class I chitinases do Renner and Specht · doi:10.1093/molbev/mss106
MBE not show phylogenetic affinity based on the presence or absence of a CTE. Additionally, the eudicot subfamily containing G. max, V. vinifera, and M. truncatula chitinases without a CTE do not fall within the lineage containing Caryophyllales subclass Ib chitinases. Therefore, with the exception of subclasses retrieved from the Caryophyllales, a well-supported division is relatively absent between subclasses of eudicot and monocot class I chitinases based on phylogenetic history. This observation is consistent with earlier studies of evolutionary relationships among flowering plant chitinases (Hamel et al. 1997; Xu et al. 2007) , where class I chitinases clustered in clades based on taxonomic affinity rather than subclass. The separation of Caryophyllales subclass Ia and Ib chitinases into two distinct clades could be an indictor of a subfunctionalization, an explanation for the preservation of duplicate copies introduced by Force et al. (1999) in which complementary degenerative mutations in duplicates leads to persistence of each copy. As evidenced by the presence of subclass Ia and Ib in monocots and other eudicots, a duplication event occurred prior to the evolution of the Caryophyllales, but each copy may have become specialized to perform complementary functions in carnivorous plants. Differences in expression patterns within the carnivorous trap may have contributed to subclass specialization and initiation of processes that lead to functional diversification. This idea is consistent with expression studies in Nepenthes, where differential expression of subclass Ia and Ib within the trap has been demonstrated prior to and after mimicking prey capture (Eilenberg et al. 2006) . Subclass Ia chitinases are considered housekeeping chitinases, as they are constitutively expressed in Nepenthes traps, whereas subclass Ib chitinases are synthesized in traps only after the traps have been exposed to chitin. A similar observation was made for Drosera, in which chitinase activity differed among tissue types, most strikingly in the secretory stalked and sessile glands of the lamina after chitin exposure (Matusíková et al. 2005; Libantová et al. 2009 ). It seems as though in the carnivorous plants of the Caryophyllales, subclass Ia clade is responsible for pathogenesis response and subclass Ib clade for carnivory, two functions essential for preservation of the carnivorous habit.
If subclass Ib genes have been coopted for plant carnivory, their presence in species that have partially (Triphyophyllum) or completely lost (Ancistrocladus) the carnivorous habit is curious. Due to the unexpectedly short length of some amplicons (see Results), these genes may potentially have been converted to pseudogenes after loss of functional domains. It is plausible that during the transition from a plant carnivore to a part-time or noncarnivorous plant, Triphyophyllum and Ancistrocladus lost certain enzymes required for plant carnivory. Loss of chitinase function in the Caryophyllales is supported by the occurrence of Nepenthes subclass Ib chitinase homologs with premature stop codons recovered via PCR (see Results). Gene birth and death events are common occurrences during gene family evolution (Nei et al. 2000; Hua et al. 2011) , and clearly Nepenthes is not immune to chitinase gene turnover. GH family 19 chitinases, which include class I, are thought to be under notorious levels of domain rearrangement and excision. A study of class I chitinases in flowering plants documented perfect direct nucleotide repeats in the chitin-binding domain and proline-rich hinge, indicating possible transposition events that could have resulted in domain excision and ultimately the formation of new classes of chitinases (Shinshi et al. (Verburg et al. 1992 (Verburg et al. , 1993 .
Class I Chitinases in Carnivorous Plants · doi:10.1093/molbev/mss106 MBE 1990). Transposition events may also be detrimental for chitinase genes, as removal can produce pseudogenes (Finnegan 1989) . In Ancistrocladus, we found a trinucleotide perfect repeat (GTG-GTG-GTG) in AgChitI-2 and AgChitI-3 and a trinucleotide imperfect repeat (GTA-GTG-GTG) in ArChitI2 immediately following the proline-rich hinge. Triphyophyllum TpChitI-3 also has a trinucleotide imperfect repeat (CTG-GTG-GTG) immediately following the proline-rich hinge, terminating just prior to the first active site of the catalytic domain. The presence of these repeats could be attributed to transposition events as suggested by Shinshi et al. (1990) and could also account for observable differences in sequence length, especially if an excision event resulted in domain hitchhiking and removal. Additionally, as expression data for these specific sequences is currently unavailable, it is difficult to say whether these genes are likely to be pseudogenes because of transposition events. Triphyophyllum and Ancistrocladus are therefore good examples of taxa in which class I chitinase expression should be confirmed with future studies.
FIG. 4.
Homology-modeling of Nepenthes khasiana subclass Ia and Ib chitinases. Three-dimensional models of (A) subclass Ia chitinase NkChitI-1 and (B) subclass Ib chitinase NkChitI-3 in association with NAG and water. Expansion of the active site cleft (right) depicts substrateinteracting residues (green and yellow) with polar contacts 5 Å to two NAG oligomers (pink) and introduced water molecules (blue). Sites that differ in the residue type interacting with the substrate are shown in yellow and are italicized. In (A), residue Phe276 (italicized and asterisk) disrupts the formation of a water-mediated hydrogen bond to NAG. Site 276 is positively selected in Nepenthes subclass Ia chitinase homologs (clade I-5, fig. 2 ) as identified by the two-rate FEL model in HyPhy.
Renner and Specht · doi:10.1093/molbev/mss106 MBE Selection Acting on Subclasses of Caryophyllales Class I Chitinases Bishop et al.'s (2000) analyses of Arabis class I chitinases suggest that adaptive replacements are localized disproportionately in the active site cleft of the chitinase enzyme. This pattern of replacements was taken as evidence for rapid coevolutionary interactions, most likely between plant chitinases and chitinolytic inhibitors produced by pathogenic fungi. Yet another molecular evolutionary study of class I chitinases in Poaceae (grasses) found positively selected sites to not be significantly overrepresented in the active cleft and that the majority of sites identified are not shared with Arabis (Tiffen 2004) . These results imply that selective pressures acting on class I chitinases may be lineage specific. We expand class I chitinase homologs to investigate signatures of selection in the Caryophyllales carnivorous plant lineage. Rate variation was observed among codons at branches nested within Class I-Clade 1 containing Caryophyllales subclass Ia homologs and Class I-Clade 2 containing Caryophyllales Ib homologs. Replacements associated with rate variation were present throughout protein sequences analyzed, a number of which fall within one or more active sites coded for in the catalytic domain (supplementary material S2, Supplementary Material online, table 3). In clades I-5 and I-9 ( fig. 2) , replacements occurred at amino acid sites previously demonstrated to participate in substrate-binding and/or catalytic activity (Verburg and Huynh 1991; Verburg et al. 1992 Verburg et al. , 1993 Anderson et al. 1997; Brameld and Goddard 1998; Garcia-Casado et al. 1998; Tang et al. 2004 ). Site 276 is positively selected in Nepenthes subclass Ia chitinase homologs (clades I-4 and I-5, fig.  2 ) and positionally homologous to a tyrosine residue essential for substrate binding in the catalytic site but not catalysis (Verburg et al. 1992 (Verburg et al. , 1993 . Selective replacement of this tyrosine residue with an alternative residue such as phenylalanine proves to significantly reduce enzymatic activity for a variety of angiosperm class I chitinases, up to 100% loss of activity in Zea (Verburg et al. 1992 (Verburg et al. , 1993 Anderson et al. 1997; Tang et al. 2004) . Fascinatingly, all Nepenthes subclass Ia chitinases analyzed here have phenylalanine at site 276, yet in vivo studies have confirmed their activity in the carnivorous trap of N. khasiana (Eilenberg et al. 2006) . This is in contrast to the Nepenthes subclass Ib chitinase homologs we recovered, which all contain the conserved tyrosine at this site. Protein structure homology modeling of N. khasiana class I chitinases also provides evidence for the significance of site 276 in forming polar interactions with NAG. In N. khasiana subclass Ib chitinase NkChitI-3, Tyr276 forms a hydrogen bond with NAG mediated by a water molecule, whereas a phenylalanine at site 276 prevents hydrogen bond formation (fig. 4) . Based on this observation, the presence of certain residues in the active site cleft could therefore be very important in determining how subclasses of class I chitinases interact with the substrate.
Five positively selected sites in Caryophyllales carnivorous plant class I chitinases were previously identified as a target of selection in Arabis and Zea class I chitinases (Bishop et al. 2000; Tiffen 2004) (table 3 ). Yet only one of these shared sites, 247, falls within the active cleft, and is a replacement exclusive to Caryophyllales subclass Ia chitinase homologs (clade I-2). That the majority of positively selected sites are not shared between these groups of taxa may infer that adaptive responses to selective pressures are lineage specific. Our results also suggest that adaptive responses could be subclass specific, as sites identified under positive selection are not shared between Ia and Ib subclasses of Caryophyllales class I chitinases. Tiffen (2004) proposed that selection favors functional divergence of duplicated genes involved in pathogenic response, as plants are afflicted by a wide variety of pathogens. The fact that chitinases are well known for their substrate specificity and different antifungal abilities is indicative that having a number of defense mechanisms confers some selective advantage Schultze et al. 1998) . It is important to note that in addition to the presence of codon usage bias, saturation of substitutions at silent sites, and phylogenetic uncertainty, domain rearrangement and excision events such as those described in GH 19 families can influence interpretations of evolutionary rate differences and functional significance among subclasses of class I chitinases (Berne and Eyre-Walker 2003; Delport et al. 2008; Yang and Nielsen 2008) . However, it is reasonable that carnivorous plant subclass Ib chitinases would have a signature of selection different from that of subclass Ia, as the absence of a CTE enables subclass Ib chitinases to escape from digestive glands into the carnivorous trap and access materials different from those found intracellularly. Additionally, if positive selection has driven the evolution of Caryophyllales subclass Ia chitinases at sites important for functionality, then these enzymes may have evolved greater activity against fungal pathogens, whereas selection on Caryophyllales subclass Ib chitinases has been relaxed.
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